Rod-shaped nickel-ferrite (NiFe2O4) nanoparticles were synthesized using a coprecipitation method and were coated with dextran during the synthesis. Transmission electron microscope (TEM) images showed that the average length and width of these particles were 16.86 nm and 3.92 nm, respectively. The coating status of the dextran on the surface of the particles was confirmed by using Fourier-transform infrared spectroscopy. X-ray diffraction measurements showed that the particles had a spinel crystalline structure. The paramagnetic behavior of the particles provided the contrast effects in magnetic resonance imaging (MRI). The T1 and the T2 relaxivities were 2.05 mM −1 ·s −1 and 4.92 mM −1 ·s −1 , respectively. The T2 relaxivity was more than twice the T1 relaxivity. However, the T1 relaxivity value was still appropriate for the application of these particles as T1 contrast agents. These findings show that the rod-shaped particles fabricated in this research can be employed as both T1 and T2 MRI contrast agents.
I. INTRODUCTION
Magnetic nanoparticles attract significant research interests, in particular, for biomedical applications where they can act as contrast agents in magnetic resonance imaging (MRI) [1, 23] , carriers in targeting drug delivery systems [4] [5] [6] , heat generators in a magnetic hyperthermia [7] [8] [9] , etc. Commercial nanoparticle contrast agents are currently used for clinical applications. Several clinical applications of magnetic nanoparticles for a hyperthermia treatment of cancer have been reported [10] [11] [12] .
Various magnetic nanoparticles are studied for applications in targeting drug delivery systems. at tetrahedral sites and Fe +3 at octahedral sites are antiparallel, hence their magnetic moments are cancelled out. Therefore, the magnetic moment of ferrite is attributed to the M 2+ ions. The ferrite has an inverse spinel crystalline structure [13, 14] .
Most of the magnetic nanoparticles are toxic, hence they cannot be directly used in a human body. For medical applications, the surface of the particle should be coated with a biocompatible material. Various materials are studied for the coating of magnetic nanoparticles, such as dextran [15, 16] , chitosan [17] , silica [18] , carbon [19] , gold [20, 21] , etc.
We report the synthesis and characterization of dextran-coated nickel-ferrite nanoparticles for potential applications as contrast agents in MRI. The particles were rod-shaped and exhibited a paramagnetic behavior, caused by their shape anisotropy. The function of the particles as contrast agents was observed using an MRI scanner. The T 1 and T 2 relaxivities of the particles were determined using magnetic resonance (MR) images, which demonstrated that their relaxivities were comparable to those of a commercial Gd-DTPA. This reveals that the proposed rod-shaped dextran-coated nickel-ferrite nanoparticles could be employed as MRI contrast agents.
II. EXPERIMENTAL METHODS
The rod-shaped nickel-ferrite nanoparticles were synthesized using the coprecipitation method. The surfaces of the nanoparticles were coated with dextran simultaneously during their synthesis. First, 3 ml of 0.3 M NiCl 2 ·4H 2 O aqueous solution was mixed with 3 ml of 0.6 M FeCl 3 ·6H 2 O aqueous solution. Then, 6 ml of 2% (w/w) dextran solution was added to this mixture in a 250 ml double walled beaker. The temperature of the circulating water across the double walled beaker was maintained at 4
• C. Air bubbles were introduced into the mixture using a pipette for 1 h. During the formation of nanoparticles, dextran adheres to the surface of the particles at a PH of around 7. In order to achieve this condition, 1% (v/v) NaOH was added dropwise to the reaction mixture at a rate of 1 mL/min. In order to stabilize the nanoparticles, the final solution was placed in an ultrasonic environment for 10 h, followed by a filtration using a 100 nm filter. The size of the nanoparticles depends on the ultrasonic treatment time, as the ultrasonic treatment provides an energy to dissociate the excessive dextran from the coated particles. A coated nanoparticles powder sample was obtained by placing the wet particles in an air environment at a temperature of 70 • C for approximately 12 days.
Crystallinity and phase purity were investigated by Xray diffraction (XRD, X'pert PRO, PANalytical) in order to confirm the spinel structure of the nanoparticles. A chemical composition analysis was performed using inductively coupled plasma spectroscopy (ICP, IRISAP, Thermo Jarrell Ash). The shape and size of the nanoparticles were investigated using a transmission electron microscope (TEM, HT 7700, Hitachi Ltd). Fourier transform infra-red spectroscopy (FTIR, Nicolet 380, Thermo Scientific USA) measurements were performed in order The crystalline structure of the particles was observed using X-ray diffraction. XRD patterns for the particles are shown in Fig. 2 . The particles showed a spinel crystalline structure; the crystalline indices of (220), (311), 1403 cm −1 emerge from the O-H stretching and C-H vibration modes of dextran, respectively. The absorption strengths of these bands are almost equal. However, the absorption strength of the O-H stretching mode for the dextran-coated particles is larger than that of the C-H vibration mode, which can be attributed to the hydrogen bonding between the surface oxygen and hydroxyl of the dextran [22, 23] . The FTIR spectra demonstrate the dextran coating on the particles' surfaces.
III. RESULTS AND DISCUSSION
The magnetic properties of the particles were measured using a SQUID system. The dependence of the magnetization as a function of the field strength is shown in Fig. 4 . The magnetic particles showed a paramagnetic behavior with a curved structure near zero field owing to the large anisotropy along the length direction, which is shown in references [24, 25] .
The T 1 and T 2 relaxation times of the nuclear spins (hydrogen protons) in the aqueous solution of magnetic nanoparticles were measured using an MR scanner. For these measurements, ten samples with different particle concentrations, ranged from 0.025 mM to 2 mM, were prepared. The particle concentration in the solution was determined using an ICP spectroscopy.
The spin-lattice relaxation time T 1 mainly depends on the rate of energy transfer from the nuclear spins to the neighboring molecules. However, the spin-spin relaxation time T 2 depends on the dephasing process of the nuclear spins caused by the neighboring magnetic inhomogeneity. The T 1 and T 2 relaxation times of the nuclear spins in a pure water are equal and have a value of approximately 3 s. The nuclear spins of a human tissue have different relaxation times that depend on its water content and surroundings. The relaxation times of the nuclear spins in a certain tissue are decreased by the introduction of magnetic particle contrast agents. If MRI contrast agents (an aqueous solution of magnetic particles) are injected into human body, these particles are absorbed only by normal tissues [14] . Owing to the lack of reticuloendothelial systems in cancer tissues, they have no capability to capture the nanoparticles by recognizing them as external invaders. A T 1 contrast agent increases the T 1 relaxation at a normal tissue site, which increases the signal from that site and provides a brighter image compared with that of the cancer site. On the other hand, a T 2 contrast agent accelerates the T 2 relaxation at a normal tissue, which decreases the MR signal at that site, while the MR signal at the cancer site remains unaltered. Therefore, a T 2 agent can be used to distinguish between the cancer and normal tissues.
For the T 1 measurements, an inversion recovery pulse sequence was used. In this sequence, the signal intensities as a function of time can be expressed as:
Using the MR intensities and Eq. (1), we can obtain the T 1 relaxation time, as shown in Fig. 5 for samples It can be noticed that the T 1 relaxation is faster for the sample that has a larger particle concentration. Fig. 6 . (Color online) T 2 relaxation for three representative samples. It can be noticed that the T 2 relaxation is faster for the sample that has a larger particle concentration.
that have three different representative particle concentrations. The Carr-Purcell-Meiboon-Gill (CPMG) pulse sequence with a multiple spin echo was used for the T 2 measurements. The signal intensity is related to the T 2 relaxation time:
which was used to determine the value of the T 2 relaxation time. Fig. 6 shows the T 2 relaxation for samples that have three different representative particle concentrations. relaxation processes as a function of the imaging time for two representative samples. It can be noticed that the relaxation process is faster for the sample that has a higher particle concentration.
MR images of samples that have two representative particle concentrations of 2 mM and 0.1 mM are shown in Fig. 7 , where from left to right the imaging time increases. In a T 1 relaxation, the MR images of both samples become brighter with the imaging time. However, the MR image of the 2 mM sample becomes brighter, much faster compared with the 0.1 mM sample. On the other hand, in a T 2 relaxation, the MR images of both samples become darker with the imaging time. However, the MR image of the 2 mM sample becomes darker much faster compared with the 0.1 mM sample.
Relaxivity is a measure of the ability of the MRI contrast agent to increase the relaxation of the surrounding nuclear spins, which can be used to improve the contrast of the MR images. The relaxivity is expressed in units of s −1 /mM (of nanoparticles).
The relaxivities (1/T im ) of nuclear spins in an aqueous solution of magnetic nanoparticles can be expressed as [26] :
where i = 1 or 2, 1/T i represent the relaxivities of the nuclear spins without a nanoparticle contrast agent, R i are the relaxivities of the nuclear spins per millimolar of nanoparticles, and C represents the concentration of nanoparticles in the aqueous solution. The dependence of both 1/T 1 and 1/T 2 as a function of the particle concentration are shown in Fig. 8 [14] . However, the commercial spherical nanoparticles contrast agent Feridex IV shows a significantly larger T 2 relaxivity of approximately 60 mM −1 ·s −1 , owing to the large particle size and superparamagnetic behavior [14] . Our dextran-coated nickelferrite nanoparticles showed a similar relaxivity, compared with that of the commercial paramagnetic agent Gd-DTPA. Therefore, the particles can be employed as both T 1 and T 2 MRI contrast agents.
IV. CONCLUSION
Nickel-ferrite nanoparticles were synthesized using a coprecipitation method. Dextran coating was performed on the surface of the particles during their synthesis. TEM measurements showed that the particles are rodshaped. The average length and width of the particles were 16.86 nm and 3.92 nm, respectively. Using FTIR spectroscopy, we confirmed the presence of dextran coating on the surface of the particles. The particles showed a paramagnetic behavior owing to their shape anisotropy. In addition, XRD measurements demonstrated the spinel crystalline structure of the particles. The function of the particles as T 1 and T 2 contrast agents was evaluated using an MRI scanner. The T 1 and T 2 relaxivities were obtained as 2.05 mM −1 ·s −1 and 4.92 mM −1 ·s −1 , respectively. The T 1 and T 2 relaxivities were comparable with those of the commercial Gd-DTPA. Therefore, we can conclude that our particles are suitable for applications as both T 1 and T 2 MRI contrast agents.
